Abstract. In the dynamic spin-fluctuation theory, we calculate the effective and local magnetic moments and spatial spin-density correlator. Our theoretical results are demonstrated by the example of bcc Fe. The effective and local moments are found in good agrement with results of polarized neutron scattering experiment over a wide temperature range. The calculated short-range order is small (up to 5 Å) and slowly decreases with temperature.
Introduction
Polarized neutron scattering experiments [1, 2] point to the existence of large short-range order (SRO) of about 20 Å in metals above the Curie temperature, but the interpretation of the experiment based on the spin waves is controversial.
Static spin-fluctuation theories all support the existence of SRO, but there is no agreement about the spin correlation length (see, e.g., [3] ). The dynamic theories based on the local approximation [4, 5] do not allow to estimate the SRO quantitatively.
The dynamic spin-fluctuation theory (DSFT) [6] [7] [8] takes into account both quantum nature and nonlocal character of the spin fluctuations. For selected temperatures, calculations of the spin-density correlator and effective moment in the dynamic approximations of spinfluctuation theory were carried out by [6, 9] .
We use the DSFT to calculate the spin correlator as a function of distance and temperature; calculate the effective moment as a function of wavevector and temperature and compare the results with experiment [10] [11] [12] . Our theoretical results are demonstrated in the example of bcc Fe.
Spin correlations in metals
From a theoretical point of view, we are interested in the spatial correlator ⟨s α (r)s α (0)⟩ of the spin density
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where N is the number of atoms and
is the Fourier transform of the spin-density s α (r). From the spin correlator we can obtain various magnetic characteristics. For instance, integration over the Wigner-Seitz cell of the volume Ω WS gives the square of the local spin moment
The correlator can be calculated by inverting the Fourier transformation (2):
where V = NΩ WS is the volume of the crystal. Replacing the sum over the Brillouin zone by the integral over a sphere of equal volume with the radius q B , we obtain [12] 
Passing to the limit r → 0 in expression (4) and substituting the result in (3), we come to
Using formula (1), we can write the square of the local 
where
is the dynamic susceptibility (in units of
) and B(ε) = (e ε/T − 1) −1 is the Bose function (for details, see, e.g., [13] ).
In the DSFT, the enhanced susceptibility is given by 
and q 2 is the average over the Brillouin zone [7] . For simplicity, φ α q is replaced by its mean value. Then the spin correlator is given by [12] 
From the Kramers-Kronig relation
we obtain the high-temperature form of the fluctuationdissipation theorem:
Using formula (1), we write relation (9) as
3T .
Taking the latter at q = 0 and comparing with the CurieWeiss law
we see that
for T ≫ Θ C . In the DSFT, calculating the static susceptibility χ α q (0) on the right-hand side of (9), we obtain that the spin correlator is given by the Lorentzian function
This high-temperature formula differs from the exact one in the DSFT (8) by the factor with the arctangent. Fig. 2 shows the square of the effective moment (1) for bcc Fe calculated in the DSFT. We see that the exact formula (8) and high-temperature formula (11) give qualitatively similar results.
Next, we consider the high-temperature approximation of the spatial correlator. At large distances r > π/q B , we can extend the integration interval in (4) to infinity. Then the spin correlator reduces to the Ornstein-Zernike form
Here r c = |b α |/(|a α |q B ) is the correlation radius, which can be considered as a measure of SRO. In the DSFT, it was shown theoretically that r c increases to infinity as T goes to T C , and r c decreases to zero inversely with temperature: r c ∼ 1/T , at high temperatures T ≫ T C [10] .
Polarized magnetic neutron scattering
We compare the DSFT calculation results with the results of the polarized magnetic neutron scattering experiment. The magnetic contribution is given by
is the scattering function and κ = k − k ′ is the scattering vector (for details, see [12] ). In the experiment [1] the integral scattering over all energies is measured: where M 2 (κ) is the square of the effective moment (1). It is related to the scattering function (12) by the formula
Comparing the theoretical results with experimental results, one should keep in mind three circumstances. The first one is the spatial spin distribution, which leads to the magnetic form-factor
where w(r) is a Wannier state. For bcc Fe, |F 2 (q)| ≈ 0.81. The second is vibrations of the crystal lattice. This can be taken into account by the Debye-Waller factor e −2W . Here
where ⟨u 2 ⟩ is the mean-square atomic displacement. For bcc Fe, within the Brillouin zone e −2W ≈ 1 (for details, see [14] ). The third is the energy cutoff ε ≤ ε max in the scattering experiment. To be consistent with the experiment, we integrate over the same energy interval
In the experiment [1] , the energy cutoff is ε max = 50 meV.
Comparison of the squared effective moment calculated with the energy cutoff shows good agreement with experiment over a wide range of temperatures above T C ( Fig. 2; for detailed results, see [11] ). Results of the exact formula (8) and approximate high-temperature formula (11) can be viewed as a theoretical prediction. The square of the local magnetic moment m 2 L is calculated by formula (6) , where the spin correlator is given by the exact formula (8), high-temperature formula (11) and formula with the energy cutoff (13) . The integrand of (6) is shown in Fig. 3 . Results of the calculation for bcc Fe are presented in Table 1 . The local moment calculated with the energy cutoff is in reasonable agreement with the experimental one m
The value m L calculated with the energy cutoff decreases with increasing temperature (Table 1, last column) . This implies that the energy window in the experiment should be wider to include all magnetic scattering, especially at higher temperatures. Calculations by the exact formula are in agreement with the ones using effective Hamiltonians with classical spins, e.g. m L ≈ 2.2 µ B at T/T exp C = 1.1-1.5 [15] . Comparing the second and third columns in Table 1 , we see that, despite qualitative similarities, the exact and high-temperature formulae give different quantitative results.
In paper [1] the experiment was interpreted based on the spin wave theory. The idea is as follows. The normalized correlation function is given by Assuming that q 2 M 2 (q) ∝ δ(q − q 0 ), we obtain a spin wave of the wavelength λ 0 = 2π/q 0 :
T/T
In bcc Fe λ 0 ≈ 18 Å at T = 1.21T exp C . The problem with this interpretation is that the peak is too wide: the height and width of the peak are about equal (see Fig. 3 ).
Instead of approximating the normalized correlation function by a delta-peak, we calculate it in the DSFT (Fig. 4) . Since Ornstein-Zernike correlation radius r c works only at large distances, we measure the SRO domain using the halfwidth r 1/2 (T ) of the correlation function C(r, T ).
The value of the halfwidth r 1/2 (T ) lies within 5 Å in all approximations (Fig. 5) . The halfwidth decreases with temperature and comes down to 1-2 Å at 1.6 T/T cal C . From the inset of Fig. 5 we see that the reciprocal halfwidth has an almost linear temperature dependence similarly to the theoretical result for the correlation radius. Moreover, this linear dependence is already observed from about 1.1 T/T cal C .
Conclusions
In the DSFT, we have calculated the effective moment M(q) as a function of q and T and spin correlator ⟨s(r)s(0)⟩ as a function of r and T . At high temperatures, M(q) is given by the Lorentzian function, spin correlator has The SRO remains at high temperatures.
